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(57) ABSTRACT

A temperature indicator includes a micro-sensor having a
sensing element with a first layer coupled to a second layer
where the first and second layers have diflerent coeflicients
of expansion. The sensing element 1s configured to move
from a first position to a second position in response to
exposure to a temperature event and has detection circuitry
configured to change from a first state to a second state 1n
response to movement of the sensing element to the second
position. The detection circuitry 1s prevented from returming,
to the first state 1n response to changing to the second state.
An RFID module 1s coupled to the detection circuitry and 1s
configured to output a value indicating that the sensing
clement 1s 1n the second position. An activator element 1s
configured to maintain the sensor element 1n the first posi-
tion until removal of the activator element from the micro-
SENSor.
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TEMPERATURE INDICATOR

BACKGROUND

During manufacturing, storage, or transit, many types of >

objects need to be monitored or tracked due to the tempera-
ture sensitivity or fragility of the objects. For example, some
types of objects may be susceptible to damage 11 exposed to
certain temperatures (e.g., food or pharmaceutical items).
Thus, for quality control purposes and/or the general moni-
toring of transportation conditions, it 1s desirable to deter-
mine and/or verily the environmental conditions to which
the object has been exposed.

BRIEF SUMMARY

According to one aspect of the present disclosure, a
device and technique for temperature detection 1s disclosed.
The temperature indicator includes a micro-sensor having a
sensing element with a first layer coupled to a second layer
where the first and second layers having different coetli-
cients ol expansion. The sensing element 1s configured to
move from a first position to a second position 1n response
to exposure to a temperature event. The micro-sensor also
includes detection circuitry configured to change from a first
state to a second state 1n response to movement of the
sensing element from the first position to the second posi-
tion. The detection circuitry 1s prevented from returning to
the first state 1n response to changing to the second state. The
indicator also includes a radio-frequency i1dentification
(RFID) module coupled to the detection circuitry where the
RFID module 1s configured to output a value indicating that
the sensing element 1s 1n the second position. The 1ndicator
turther includes an activator element configured to maintain
the sensor element 1n the first position until removal of the
activator element from the micro-sensor.

According to another embodiment of the present disclo-
sure, a temperature indicator includes a substrate having a
communications module inlay configured to communicate
an actuation status of the indicator, a micro-sensor commu-
nicatively coupled to the communications module nlay for
detecting a temperature event where the micro-sensor has
irreversible detection circuitry configured to detect the

actuation status, and an activator element configured to
maintain the micro-sensor 1 a non-reactive state until
removal of the activator element from the micro-sensor.

According to yet another embodiment of the present
disclosure, a temperature indicator imncludes a micro-sensor
configured to activate in response to receipt by the micro-
sensor of a temperature event. The micro-sensor includes
detection circuitry configured to change from a first state to
a second state i1n response to the activation of the micro-
sensor and the detection circuitry 1s prevented from return-
ing to the first state i1n response to the activation. The
indicator also includes a radio-frequency i1dentification
(RFID) module coupled to the detection circuitry where the
RFID module 1s configured to output a value indicating that
the micro-sensor has been actuated. The indicator further
includes an activator element configured to maintain the
micro-sensor in a non-reactive state until removal of the
activator element from the micro-sensor.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

For a more complete understanding of the present appli-
cation, the objects and advantages thereof, reference 1s now
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made to the following descriptions taken in conjunction with
the accompanying drawings, in which:

FIG. 1 1s a diagram 1illustrating an application of an
embodiment of a temperature indicator according to the
present disclosure;

FIG. 2 1s a 1s a block diagram 1illustrating an embodiment
ol a temperature indicator according to the present disclo-
Sure;

FIG. 3 1s a diagram 1llustrating an exploded view of an
embodiment of a temperature indicator according to the
present disclosure;

FIG. 4 1s a diagram illustrating an enlarged view of a
portion of the temperature indicator illustrated in FIG. 3 in
accordance with the present disclosure;

FIG. 5 1s a diagram illustrating an embodiment of a
micro-sensor of the temperature indicator of FIGS. 3 and 4
according to the present disclosure;

FIG. 6 1s a diagram 1illustrating an embodiment of the
temperature indicator of FIG. 5 1n an actuated state in
accordance with the present disclosure; and

FIG. 7 1s a diagram illustrating an enlarged view of a
portion of the temperature indicator illustrated in FIGS. 5
and 6 1n accordance with the present disclosure.

DETAILED DESCRIPTION

Embodiments of the present disclosure provide a device
and technique for temperature detection and indication.
According to one embodiment, a temperature indicator
includes a micro-sensor having a sensing element with a first
layer coupled to a second layer where the first and second
layers having different coeflicients of expansion. The sens-
ing element 1s configured to move from a first position to a
second position 1n response to exposure to a temperature
event. The micro-sensor also includes detection circuitry
configured to change from a first state to a second state 1n
response to movement of the sensing element from the first
position to the second position. The detection circuitry 1s
prevented from returning to the first state 1n response to
changing to the second state. The indicator also 1ncludes a
radio-frequency identification (RFID) module coupled to the
detection circuitry where the RFID module 1s configured to
output a value indicating that the sensing element 1s 1n the
second position. The indicator further includes an activator
clement configured to maintain the sensor element in the
first position until removal of the activator element from the
micro-sensor. Embodiments of the present disclosure enable
temperature event detection using no internal power supply.
The RFID module can detect the state of the switch circuitry
and emit or output a value indicating the actuation status of
the indicator. For example, in some embodiments, an RFID
reader can be used to activate the RFID module and deter-
mine an actuation status of the temperature indicator device.
Additionally, embodiments of the present invention utilize a
micro-sensor (e.g., micro-mechanical and/or micro-elec-
tronic components) to detect temperature events having
circuitry that results 1n the irreversibility of the actuation
status of the indicator after detecting the temperature event.
Further, embodiments of the present invention enable field-
activation of the indicator (1.e., maintaining the indicator 1n
a non-reactive state) so that temperature events detected
prior to the intended application of the indicator do not
unintentionally actuate the indicator.

During storage, transit, or use, many types ol objects need
to be monitored for temperature (1.e. cold chain) of the
objects. For example, some types of objects such as food or
pharmaceuticals may be susceptible to spoilage or lack of
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ellicacy if they are subjected to temperatures that are too
high for too long a time. The duration or threshold of the
temperature excursion (1.¢., “time-temperature” variable) 1s
often more 1mportant than a non-duration focused or real
time reading of temperature. Thus, for quality control pur-
poses and/or the general monitoring of transportation/use
conditions, i1t 1s desirable to determine and/or verily the
temperature conditions to which the object has been
exposed.

With reference now to the Figures and 1n particular with
retference to FIG. 1, exemplary diagrams of a temperature
indicator 10 are provided in which illustrative embodiments
of the present disclosure may be implemented. FIG. 1 1s a
diagram 1llustrating a front view of temperature indicator 10.
In FIG. 1, indicator 10 1s a portable device configured to be
allixed to or disposed within a transport container containing
an object of which temperature events associated therewith
are to be monitored. Embodiments of temperature indicator
10 monitor whether an object has been exposed to a par-
ticular temperature or environment during manufacturing,
storage and/or transport of the object. In some embodiments,
temperature indicator 10 may be aflixed to a transport
container using, for example, adhesive materials, permanent
or temporary fasteners, or a variety ol different types of
attachment devices. The transport container may include a
container in which a monitored object 1s loosely placed or
may comprise a container of the monitored object itself. It
should be appreciated that FIG. 1 1s only exemplary and 1s
not intended to assert or imply any limitation with regard to
the environments in which different embodiments may be
implemented.

In the embodiment illustrated in FIG. 1, temperature
indicator 10 comprises a housing 12 having a temperature
sensing, temperature-sensitive and/or temperature detection
assembly 14 disposed therein. In the 1llustrated embodiment,
detection assembly 14 1s configured to detect and indicate
temperature events relative to idicator 10 (e.g., detecting,
when 1indicator 10 (and correspondingly, a container to
which indicator 10 1s associated with) has been subjected to
a particular environmental temperature). In some embodi-
ments, housing 12 1s configured and/or constructed from a
clear or semi-opaque material having a masking label 16
located on a front side thereof or athxed thereto. In some
embodiments, masking label 16 1s configured having one or
more apertures or “windows” 18 for providing a visual
indication of temperature detection. For example, in some
embodiments, 1n response to indicator 10 being subjected to
a particular temperature, detection assembly 14 causes a
visual indication to be displayed within or through one or
more of windows 18 to provide a visual indication that the
monitored object has or may have been subjected to some
level of temperature. However, 1t should be understood that
other methods may be used to provide a visual indication
that detection assembly 14 has moved and/or been otherwise
placed into an actuated state indicating that indicator 10 has
experienced some level of temperature. It should also be
understood that housing 12 may be configured and/or manu-
factured from other materials (e.g., opaque materials having
one or more windows 18 formed therein). In some embodi-
ments, housing 12 may be configured without window 18.
For example, as will be described 1n greater detail below,
indicator 10 may be configured to provide visual and/or
non-visual indications of whether a temperature condition
has been experienced by indicator 10 (e.g., via the use of
RFID signals).

FIG. 2 1s a block diagram representing and 1llustrating an
embodiment of indicator 10 in accordance with an embodi-
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4

ment of the present disclosure. In FIG. 2, idicator 10
includes a micro-sensor 20 and a wireless communications
module 22. Micro-sensor 20 1s a micro-mechanical and/or
micro-electronic device (e.g., a microscopic device or Sys-
tem (e.g., generally having micrometer-sized components
with an overall size generally measured 1n square millime-
ters)) for detecting a temperature event (e.g., a temperature
exceeding some threshold). Micro-sensor 20 may be con-
figured as a microelectromechanical systems (MEMS)
device (e.g., using silicon or other materials 1n the process
or technique of deposition of material layers, patterning by
photolithography, and etching to produce the required shape/
components), a liquid crystal display (LCD) panel-fabri-
cated device (e.g., a device manufactured using glass com-
ponents and/or a glass substrate via LCD {fabrication
processes such as patterning, laminating, masking, cutting,
and thin-film transistor (TFT) deposition techmques, which
may or may not include liquid crystal), and/or be formed
using roll-to-roll (R2R) processing techniques (e.g., creating,
the device on a roll of flexible plastic, metal foil, or flexible
glass). In some embodiments, temperature indicator 10 may
be aflixed (permanently or removably) to a printed circuit
board and/or otherwise permanently or removably con-
nected to electronic circuitry (e.g., such as a removable
cartridge) such that, in response to receipt and/or detection
ol a temperature condition of a suflicient magnitude and/or
exceeding a particular threshold(s), temperature indicator 10
provides an electronic signal/indication of such event.

In some embodiments, micro-sensor 20 includes detection
circuitry 24. Detection circuitry 24 may comprise one or
more switch elements, traces, contacts, and/or circuits that
are responsive to detecting a change in an actuation status of
sensor 20. For example, in some embodiments, sensor 20
may include a movable element or member that moves or
becomes displaced in response to being subjected to a
temperature event. The displacement of the movable ele-
ment may cause a state change in circuitry 24 (e.g., a change
in 1impedance, changing from an open circuit condition to a
closed circuit condition, or vice versa, etc.). Wireless com-
munications module 22 1s configured to wirelessly commu-
nicate information associated with a state of circuitry 24
indicating the actuation state of indicator 10 (e.g., based on
an open or closed circuit state of circuitry 24). For example,
in one embodiment, wireless communications module 22
includes an RFID module 30. In some embodiments, RFID
module 30 comprises a passive RFID module 30 (e.g., a
passive RFID tag) having an RFID integrated circuit or
circuitry 32 (e.g., disposed on or as part of a printed circuit
board) and a memory 34, along with an antenna 36. As a
passive RFID module 30, indicator 10 does not contain a
battery (e.g., power 1s supplied by an RFID reader 40),
thereby forming a battery-free temperature indicator 10. For
example, when radio waves from reader 40 are encountered
by module 30, antenna 36 forms a magnetic field, thereby
providing power to module 30 to energize circuit 32. Once
energized/activated, module 30 may output/transmit infor-
mation encoded 1n memory 34 (e.g., using communication
protocols such as NFC, ISO-18000-3, ISO 18000-6, UHF
Gen2, ISO-15693, etc.). However, it should be understood
that, 1n some embodiments, RFID module 30 may comprise
an active RFID module 30 including a power source (e.g., a
battery) that may be configured to continuously, intermit-
tently, and/or according to programmed or event triggers,
broadcast or transmit certain information. One embodiment
ol a passive RFID tag 1s a tlex circuit RFID 1n a roll form.
In flex circuit RFIDs, the chip and antenna are embedded
onto a thin substrate of 100 to 200 nm using, for example,
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polyvinyl chloride (PVC), polyethylenetherephtalate (PET),
phenolics, polyesters, styrene, or paper via copper etching or
hot stamping. One process for RFID manufacture 1s screen
printing using conductive ink containing copper, nickel, or
carbon. An example of a commercially available flex circuit
passive RFID tag product that can come hundreds or even
thousands 1n a roll 1s the Smartrac™ product from Avery
Dennison Corporation.

It should also be understood that wireless communica-
tions module 22 may be configured for other types of
wireless commumnication types, modes, protocols, and/or
formats (e.g., short-message services (SMS), wireless data
using General Packet Radio Service (GPRS)/3G/4G or
through public internet via Wi-F1, or locally with other
radio-communication protocol standards such as Wi-Fi,
/-Wave, 7ZigBee, Bluetooth®, Bluetooth® low energy
(BLE), LoRA, NB-IoT, SigFox, Digital Enhanced Cordless
Telecommunications (DECT), or other prevalent technolo-
gies). As will be described further below, 1n response to
receipt of a particular level and/or magnitude of a tempera-
ture event, temperature indicator 10 functions as a passive
temperature sensor/indicator that can be used as part of an
clectronic signal or circuit. In some embodiments, the tem-
perature sensing capabilities/functions of temperature indi-
cator 10 of the present disclosure needs no power while 1n
the monitoring state.

In the illustrated embodiment, memory 34 includes at
least two different stored and/or encoded values 42 and 44.
For example, value 42 may correspond to a value outputted/
transmitted by module 30 when detection circuitry 24 1s in
an open circuit condition or state, and value 44 may corre-
spond to a value outputted/transmitted by module 30 when
detection circuitry 24 1s 1n a closed circuit condition or state.
As an example, the value 44 may represent an RFID tag
identification (ID) number not having an activated tempera-
ture detection circuitry 24, and the RFID tag’s ID number
may have an additional character (e.g., “0”) placed at the end
thereot. Value 42 may represent the RFID ID number having,
an activated temperature detection circuitry 24, and the
RFID tag’s ID number may have an additional character at
the end thereotf being different from the additional character
carried by value 44 (e.g., “1”). In the illustrated embodi-
ment, RFID module 30 (e.g., circuitry 32) 1s coupled to
detection circuitry 24 and can detect whether detection
circuitry 24 1s in an open or closed circuit condition or state.
Thus, for example, detection circuitry 24 may nitially be 1n
closed circuit condition or state. Thus, 1I energized/acti-
vated, module 30 would transmit value 44 to reader 40. If
indicator were to be subject to an temperature event, sensor
20 may cause a change in circuitry 24 that would result 1n
circuitry 24 being in an open circuit condition or state. Thus,
iI now energized/activated (e.g., after the temperature
event), module 30 would 1nstead transmit value 42 to reader
40. Thus, embodiments of the present invention enable
indicator 10 to monitor sensitive products/objects to which
it 1s attached for potential damage caused by temperature
variations using electronic indicators (e.g., RFID readers)
while indicator 10 does not contain or require any internal
power source (e.g., a battery). In some embodiments, detec-
tion circuitry 24 1s configured to be irreversible such that
once a change 1n state of the detection circuitry 24 occurs,
the detection circuitry 24 1s prevented from returning to a
prior state. For example, 1f detection circuitry 24 1s in a
closed circuit state or condition prior to sensor 20 actuation,
and an temperature event causes an actuation of sensor 20
that also causes detection circuitry 24 to transition to an open
circuit state or condition, detection circuitry 20 1s configured
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to be maintained in the open circuit state, thereby unable to
return to the closed circuit state. Similarly, detection cir-
cuitry 24 may be configured to transition from an open
circuit condition to a closed circuit 1n response to sensor 20
actuation and thereafter remain 1n the closed circuit condi-
tion without the ability to return to an open circuit condition.
Thus, embodiments of the present invention prevent any
unauthorized resetting of temperature indicator 10. It should
also be understood that indicator 10 may be configured
having a greater or lesser quantity of values stored in
memory 34 (e.g., a single value emitted only upon activation
of sensor 20; different values emitted corresponding to
different temperature thresholds being exceeded; etc.).

The present invention may include computer program
instructions at any possible technical detail level of integra-
tion (e.g., stored 1n a computer readable storage medium (or
media) (e.g., memory 34) for causing a processor to carry
out aspects of the present mvention. Computer readable
program 1nstructions described herein can be downloaded to
respective computing/processing devices (€.g., communica-
tions module 22 and/or RFID module 30). Computer read-
able program instructions for carrying out operations of the
present invention may be assembler instructions, mstruc-
tion-set-architecture (ISA) instructions, machine instruc-
tions, machine dependent instructions, microcode, firmware
instructions, state-setting data, configuration data for inte-
grated circuitry, or either source code or object code written
in any combination of one or more programming languages.
In some embodiments, electronic circuitry (e.g., circuitry
32) including, for example, programmable logic circuitry,
field-programmable gate arrays (FPGA), or programmable
logic arrays (PLA) may execute the computer readable
program 1nstructions by utilizing state information of the
computer readable program instructions to personalize the
clectronic circuitry, i order to perform aspects of the
present invention. Aspects of the present imvention are
described herein with reference to illustrations and/or block
diagrams of methods and/or apparatus according to embodi-
ments of the invention. It will be understood that each block
of the 1llustrations and/or block diagrams, and combinations
of blocks 1n the illustrations and/or block diagrams, may
represent a module, segment, or portion of code, can be
implemented by computer readable program instructions.
These computer readable program instructions may be pro-
vided to a processor or other programmable data processing
apparatus to produce a machine, such that the instructions,
which execute via the processor, create means for 1imple-
menting the functions/acts specified in the illustrations and/
or block diagram block or blocks. These computer readable
program 1instructions may also be stored mm a computer
readable storage medium that can direct a computing device,
a programmable data processing apparatus, and/or other
devices to function 1n a particular manner, such that the
computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified 1n the illustrations and/or block diagram block or
blocks. Detection circuitry 24, wireless communications
module 22, and/or RFID module 30 may be implemented in
any suitable manner using known techniques that may be
hardware-based, software-based, or some combination of
both. For example, detection circuitry 24, wireless commu-
nications module 22, and/or RFID module 30 may comprise
soltware, logic and/or executable code for performing vari-
ous functions as described herein (e.g., residing as solftware
and/or an algorithm running on a processor unit, hardware
logic residing i a processor or other type of logic chip,
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centralized 1n a single integrated circuit or distributed among
different chips 1 a data processing system). As will be
appreciated by one skilled in the art, aspects of the present
disclosure may be embodied as a system, method or com-
puter program product. Accordingly, aspects of the present
disclosure may take the form of a hardware embodiment, a
soltware embodiment (including firmware, resident soft-
ware, micro-code, etc.) or an embodiment combining soft-
ware and hardware aspects that may all generally be referred
to herein as a “circuit,” “module” or “system.”

FIG. 3 1s a diagram illustrating an exploded view of
various embodiments of the temperature indicator 10
according to the present disclosure, and FIG. 4 1s a diagram
illustrating an enlarged view of a portion of an embodiment
ol the temperature indicator 10 depicted 1n FIG. 3 according
to the present disclosure. Referring to FIG. 3, indicator 10
includes a case or housing 50 having a bottom or lower wall

52 and a top or upper wall 54. Between the upper and lower
walls 54 and 52, respectively, 1s RFID module 30. FIG. 4
illustrates an enlarged view of RFID module 30. In FIGS. 3
and 4, RFID module 30 includes a substrate 60 having an
RFID inlay 62 forming antenna 36 along with the RFID chip
or circuit 32 coupled thereto. In the 1llustrated embodiment,
micro-sensor 20 1s adhered and/or coupled to RFID module
30. For example, 1n the 1illustrated embodiment, sensor 20
may mclude a MEMS sensor 20, or a LCD panel-fabricated
sensor 20, or a R2ZR-manufactured micro-sensor 20,. Refer-
ring to FIG. 4, RFID module 30 includes a mounting area 66
for receiving micro-sensor 20, and RFID module 30 also
includes traces or leads 68 for communicatively and/or
clectrically coupling sensor 20 to RFID circuit 32.

Referring to FIG. 3, 1n the 1llustrated embodiment, 1ndi-
cator 10 includes an activator element 70. Activator element
70 1s configured to maintain sensor 20 in a non-reactive state
(1.e., unable to transition from an unactuated state to an
actuated state where the unactuated state refers to a state of
sensor 20 prior to receipt by the sensor 20 of a temperature
event above a certain threshold and the actuated state refers
to a state of sensor 20 after sensor has been subjected to a
temperature event at or above the threshold) until removal of
activator element 70 from indicator 10. For example, during
shipment of indicator 10 to an end user (or otherwise),
indicator 10 may be subjected to an temperature event that
would be detected by sensor 20 and cause sensor 20 to be in
an actuated state (1.e., indicating the receipt of a temperature
event). Activator element 70 prevents sensor 20 from tran-
sitioning from an unactuated state to an actuated state even
il a temperature event 1s experienced by sensor 20. Removal
ol activator element 70 from indicator 10 places sensor 20
in an active or sensing mode (1.e., capable of detecting an
temperature event and transitioning to an actuated state to
indicate the receipt of the temperature event).

For example, as will be described in greater detail below,
in one embodiment, activator element 70 includes a reten-
tion element 72 that 1s adhesively adhered and/or otherwise
coupled to upper wall 54 that includes an obstructer 74 that
extends downward through an opening 80 formed in upper
wall 54. Obstructer 74 may be 1n the form of a pin or other
structural member that extends downward and engages at
least a portion of sensor 20 to prevent sensor 20 from
actuating. In operation, removal of retention element 72
from indicator 10 (e.g., peeling retention element 72 away
from upper wall 54) also results 1n obstructer 74 being pulled
outwardly from indicator 10, thereby disengaging from
sensor 20 and enabling sensor 20 to be actuated 1n response
to sensor 20 detecting an temperature event.
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FIG. § 1s a diagram illustrating an embodiment of tem-
perature indicator 10 incorporating a MEMS-type micro-
sensor 20 according to the present disclosure 1n an unactu-
ated and non-reactive state, and FIG. 6 1s a diagram
illustrating the embodiment of indicator 10 of FIG. 5 1n an
actuated state according to the present disclosure. Sensor 20
1s representative of at least one of what could be any number
of sensors 20 within an indicator 10 assembly (more than
one sensor 20 may be necessary in a case where calibration
of the sensors 20 1s necessary).

In the illustrated embodiment, sensor 20 includes a sens-
ing element 100 configured to move 1n response to being
exposed to a temperature event (e.g., moving {from a first
position or location as depicted in FIG. § to a second
position or location such as depicted 1n FIG. 6). Sensing
clement 100 may comprise a plurality of layers of matenals
with at least two of the layers having different temperature-
sensitive properties. For example, 1n the illustrated embodi-
ment, sensing element 100 includes a cantilever structure

102 having layers or beams 104 and 106. Beams 104 and
106 are formed so that one of the beams 104 or 106 contains
at least one maternial that 1s dissimilar from at least one
material within the other beam 106 or 104. In the 1llustrated
embodiment, beams 104 and 106 are disposed side-by-side
or adjacent each other, parallel (or substantially parallel),
and spaced apart from each other for at least some distance
so as to define a gap 108 therebetween along their lengths.
In this embodiment, cantilever 102 1s formed as a planar
structure. Cantilever 102 may lie 1n a different plane than the
underlying structure of sensor 20 (e.g., the substrate 60
(FIG. 3)). Cantilevered structure 102 is represented as
comprising beams 1n the illustrated embodiment; however, 1t
should be understood that sensor 20 may encompass other
cantilevered or non-cantilevered structures, including flat
structures such as diaphragms. The term “bimorphic™ 1s
commonly used to refer to such a bending effect 1n a single
beam formed by two active layers, and this term will be used
herein to more generally refer to a bending eflect that a
combination of dissimilar materials will cause 1n a cantile-
vered structure in response to exposure to a parameter of
interest. In particular, the dissimilar materials are selected to
have mismatched expansion/contraction (elongation/shrink-
age) responses to a parameter of interest, resulting in the
cantilevered structure bending toward the beam that shrinks
more or does not elongate as much as the other beam. If the
parameter 1s at a sufliciently high (threshold) level, the
deflection of the cantilevered structure 1s suilicient to open
or close (depending on the operating mode of the sensing
device) an electrical contact associated therewith, which can
serve to interrupt or allow, respectively, the transfer of a
charge or electrical current, generation of an electrical
voltage, or provide another form of output capable of
corresponding to a digital signal. Contact between the can-
tilevered structure and an electrical contact 1s referred to
herein as a contact-mode switching function or contact mode
operation, and 1 some embodiments non-latching (i.e.,
other than as a result of its bending or detlection, the
cantilevered structure 1s not mechanically latched or other-
wise secured to the contact).

In a preferred embodiment, the property change in the
sensing element 100 responsive to the parameter 1s tempo-
rary and reversible. For example, if the sensing element 100
responds to temperature (thermal expansion or contraction),
the resulting response (detlection) of the cantilevered struc-
ture 102 1s temporary and the cantilever 102 will return to its
original configuration after the temperature excursion 1s over
unless 1t 1s mechanically restricted from doing so (e.g., by
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latching the bent cantilever or otherwise restricting move-
ment of the cantilever 102 from returning to 1its original
position/form).

In the illustrated embodiment, sensor 20 includes a sup-
port member 110 athxed to cantilever 102 (or integrally
formed as a part of cantilever 102). In some embodiments
support member 110 1s fabricated as a feature on a conven-
tional CMOS circuit substrate 1n which the sensor 20 may
also be fabricated. As illustrated in FIGS. 5 and 6, an end
120 of cantilever 102 proximate to support member 110 1s
coupled to or formed as part of support member 110 while
an opposite, distal end 122 of cantilever 102 1s suspended
and/or freestanding relative to any adjacent substrate or
structure, thereby enabling end 122 to move relative to fixed
end 120. In the 1llustrated embodiment, end 122 i1s located
proximate to a latch or latching pawl 130. For example, latch
130 has an end 132 coupled to or formed as part of a support
member 134. An opposite, distal end 136 of latch 130 1s

suspended and/or freestanding and disposed adjacent to, but
not in contact with, end 122 of cantilever 102 when canti-
lever 102 1s 1n the unactuated or non-reactive state (FIG. 1).
In the illustrated embodiment, a face 140 of end 136 faces
a face 142 of end 122 of cantilever 102. Faces 140 and 142
are configured parallel to each other and spaced apart from
cach other 1n the unactuated or non-reactive state (FIG. 5).
Faces 140 and 142 are angled such that at least a portion of
tace 140 extends over at least a portion of face 142 (e.g., face
142 formed at an acute angle relative to a surface 144 of
beam 106 and face 140 formed at a supplementary angle
toward cantilever 102 relative to surface 144). Latch 130 1s
configured as a flexible latch 130 such that movement of
cantilever 102 1n the direction indicated by arrow 150 causes
tace 142 to contact face 140 and cause movement of latch
130 away from cantilever 102 1n the direction indicated by
arrow 152, thereby enabling cantilever 102 to move past end
136 of latch 130 1n response to a temperature event.

As 1llustrated 1n FIG. 5, sensor 20 includes activator
clement 70 so that during manufacturing, storage, and/and
shipment of indicator 10 (e.g., prior to indicator 10 being
placed on an item of temperature monitoring interest),
cantilever 102 does not move a suilicient distance in direc-
tion 150 so that a latching occurs with latch 130 even if
sensor 20 has been exposed to a temperature event. As
illustrated 1n FIG. 5, activator element 70 includes obstructer
74 disposed proximate cantilever 102 to thereby limit move-
ment of cantilever 102 in the direction 150 i the event
sensor 20 experiences a temperature event. It should be
understood that obstructer 74 may be otherwise located
and/or positioned proximate cantilever 102 to thereby limait
and/or prevent movement of cantilever 102 to the point
where sensor 20 would be 1n an actuated position or state.

Sensor 20 and 1ts cantilevered structure 102 may be
tabricated directly on an integrated circuit substrate (e.g.,
CMOS water) 1n which other electronic devices of indicator
10 can also be formed (e.g., RFID circuit 32, antenna 36,
etc.). An alternative 1s to fabricate sensor 20 and 1ts canti-
levered structure 102 on a separate substrate that 1s subse-
quently electrically coupled or bonded to a different sub-
strate. It can be readily appreciated that the cantilevered
structure 102 of the sensor 20 1s compatible with post-
CMOS processing and can be fabricated 1n a very small
areas even 1i there are multiple cantilevers 102 in sensor 20.
It should also be understood that structures other than
cantilevered beams could be employed that are capable of
responding to an environmental parameter ol interest by
closing and/or opening electrical contacts.
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In the illustrated embodiment, the dissimilar materials of
the beams 104 and 106 are chosen to cause the cantilevered
structure 102 to bend or deflect in direction 150 (FIG. 5) 1n
response to an environmental parameter of interest (e.g.,
beams 104 and 106 each comprising a material having a
different coeflicient of expansion related to temperature). As
shown 1n FIGS. 5 and 6, distal end 122 of beam 106 bridges
gap 108 to connect to a distal end 160 of beam 104. As noted
above, the individual responses of the cantilevered structure
102 to an environmental parameter ol interest may be
referred to as bimorphic in the following discussion, though
it should be understood that a strictly bimorphic cantilevered
structure 102 1s not required (e.g., the cantilevered structure
102 does not necessarily require two active beams 104 and
106; instead, structure 102 may have a single active beam or
more than two active beams). The sensor 20 can be config-
ured to sense a wide variety of different environmental
parameters to which RFID module or tag 30 might be
subjected (e.g., temperature, moisture/humidity, electromag-
netic radiation, nuclear particle radiation, chemicals, bio-
logical agents, etc.). Such capabilities can be achieved by
using appropriate materials to form the cantilevered struc-
ture 102 of the sensing element 100, as will be understood
from the following discussion.

As previously noted, the dissimilar materials of beams
104 and 106 are selected to have mismatched expansion/
contraction (elongation/shrinkage) responses to a parameter
of mterest, resulting 1n the cantilevered structure 102 bend-
ing 1n the direction 150 as beam 106 cither elongates more
than beam 104 or doesn’t shrink as much beam 104 under
certain environmental conditions (e.g. a threshold tempera-
ture or time-temperature parameter). Due to the side-by-side
arrangement ol the beams 104 and 106 and their attachment
at their distal ends 160 and 122, respectively, the deflection
of the cantilevered structure 102 1s 1mn a direction within a
plane in which the cantilevered structure 102 and 1ts beams
104 and 106 lie. The gap 108 is defined by and between the
beams 104 and 106 1s depicted as being uniform 1n 1ts width
along the lengths of the beams 104 and 106 as a result of the
beams 104 and 106 being side-by-side and parallel. The
presence of the gap 108 results 1n the beams 104 and 106 not
being 1n direct contact with each other along most to their
lengths with only distal end 122 of beam 106 bridging gap
108 and being attached to distal end 160 of beam 104.
Theretfore, the active length portions of the beams 104 and
106 that produce the bimorphic eflect do not directly contact
or interact with each other.

According to some embodiments of the present disclo-
sure, sensor 20 1s a MEMS device that functions as a switch
(1.e., having detection circuitry 24) in response to one or
more environmental parameters ol the environment sur-
rounding indicator 10. For example, in some embodiments,
detection circuitry 24 may be formed as part of (or directly
on) cantilever 102. For example, in some embodiments,
beam 106 (and 1ts distal end 122) and latching pawl 130 are
clectrically conductive so that when they contact each other
they function as a switch. In this embodiment, support
members 110 and 134 are also at least partially conductive
in order to act as contacts for detection circuitry 24. In some
embodiments, cantilever 102 and/or latching pawl 130 may
have an outer layer of a conductive material and/or a
deposited conductive trace that also enables cantilever 102
and latching pawl 130 to function as a switch.

As described above, FIG. 5 depicts indicator 10 1n a
non-reactive and unactuated state (i.e., before 1t has been
field armed (e.g., by removing activator element 70). In an
example where indicator 10 1s being used as a temperature
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sensor, 11 a temperature event or condition causes beam 106
to expand more than beam 104, this expansion would
ordinarily cause cantilever 102 to move in direction 150.
However, prior to the removal of activator element 70,
activator element 70 prevents and/or limits movement of
cantilever 102 1n the direction 150 to thereby prevent
cantilever from engaging latching pawl 130. Thus, prior to
the removal of activator element 70, indicator 10 can expe-
rience a temperature event that would otherwise cause the
actuation or activation of sensor 20 without triggering
indicator 10.

After the removal of activator element 70, indicator 10 1s
1n a reactive state (1.e., capable of being actuated in response
to experiencing a temperature event). For example, in this
embodiment, 1n response to being subjected to a temperature
event, cantilever 102 moves in the direction 150 as depicted
in FIG. 6. In this embodiment, latching pawl 130 1s config-
ured such that a force applied by cantilever 102 to latching
pawl (e.g., face 142 contacting face 140) resulting from
movement of cantilever 102 in the direction 150 causes
latching pawl 130 to move 1n the direction 152, thereby
enabling cantilever 102 to move past end 136 of latching
pawl 130. After cantilever 102 has moved past end 136 of
latching pawl 130, latching pawl 130 returns to its original
location/position (e.g., moving 1n a direction opposite direc-
tion 152) as depicted 1n FIG. 6. Accordingly, once latching,
pawl 130 returns to its original location/position, latching,
pawl 130 prevents cantilever 102 from returning to 1its
original or non-reactive state position, thereby resulting 1n
an 1rreversible actuation of indicator 10.

FIG. 7 1s a diagram 1illustrating an embodiment of acti-
vator element 70 1n accordance with the present disclosure.
In the illustrated embodiment, obstructer 74 1s anchored
and/or coupled to a substrate 200 of sensor 20. For example,
in some embodiments, because of the micro-scale of canti-
lever 102 and the desired small footprint of the overall
indicator 10, obstructer 74 1s also formed on a micro-scale
and manufactured using the same MEMS manufacturing
techniques used to form sensor 20. In FIG. 7, a portion of
cantilever 102 1s depicted adjacent obstructer 74. Various
clements associated with activator element 70 are not
depicted 1n FIGS. § and 6 for ease of illustration and
description of the operation of sensor 20 1n connection with
FIGS. § and 6. In FIG. 7, obstructer 74 1s configured to be
detached from substrate 200 at its proximal end 202 relative
to substrate 200. For example, since cantilever 102 1s
movable 1n response to being subjected to a temperature
event, 11 the temperature event would otherwise result 1n
movement of cantilever 102 to an actuated state, cantilever
102 will first come 1nto contact with obstructer 74, thereby
limiting the amount of movement of cantilever 102 and
preventing an amount of movement of cantilever 102 that
would otherwise cause cantilever 102 to engage pawl 130
(FIGS. 5 and 6). Accordingly, obstructer 74 1s attached to
substrate 200 near end 122 of cantilever 102 with suflicient
strength to withstand the momentum of cantilever 102 due
to the potential movement of cantilever 102 because of
experiencing an temperature event.

In the embodiment illustrated in FIG. 7, obstructer 74
includes an enlarged distal end 204 (distal to proximal end
202) attached to retention element 72 using an adhesive
layer 206, and an intermediate portion 208 extending
between ends 202 and 204. Since micro-sensor 20 1s on a
micro-scale, distal end 204 1s configured having suflicient
surface area that adhesive layer 206 remains attached to
distal end 204 such that when retention element 72 1is
removed or pulled away from sensor 20, retention element
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72 pulls on enlarged distal end 204 and, in turn, results 1n a
force applied to proximal end 202 of obstructer 74 1 a
direction away from substrate 200 to cause obstructer 74 to
disengage from substrate 200. In the 1llustrated embodiment,
proximal end 202 1s configured having a lesser cross-section
area than distal end 204, resulting in less surface area of
proximal end 202 attached to substrate 200 to enable
obstructer 74 to disengage from substrate 200 upon removal
of retention element 72 from 1ndicator 10. In some embodi-
ments, proximal end 202 may be formed of a more frangible
material than the other parts of obstructer 74 to facilitate the
separation ol proximal end 202 from substrate 200 1n
response to removal of retention element 72. In one embodi-
ment, obstructer 74 may be undercut at proximal end 202 to
weaken the attachment of obstructer 74 to substrate 200 at
proximal end 202.

In addition, cantilevered structure 102 could include
additional layers/films, such as stress compensation layers to
improve the distribution of any processing-induced strain
within the cantilevered structure 102. It 1s also within the
scope of the mvention to fabricate either or both beams 104
and 106 of the cantilevered structure 102 to comprise layers
that can be patterned for the purpose of moditying the beams
104 and 106, including their responses to the environmental
parameter being sensed, such as temperature, humidity,
chemicals, electromagnetic and particle radiations, UV light,
and/or other environmental conditions. In addition, as dis-
cussed above, beam 106 might have an outer layer of a
conductive material so that 1s can be used as a switch when
contacting a conductor on latching paw 130.

Thus, embodiments of the present disclosure enable tem-
perature and/or temperature event detection using a tem-
perature mndicator having a small footprint using a mechani-
cal sensing element 100 with a passive RFID tag that gives
a diflerent reading depending upon the status of the tem-
perature switch circuitry. Because the RFID tag 1s passive,
the temperature indicator does not need a battery or other
external power source. Further, the configuration of the
temperature indicator enables the temperature indicator to be
irreversible once actuated (or subjected to a suflicient mag-
nitude of temperature event). Additionally, the temperature
indicator of the present disclosure may be configured with a
single or multiple indication mechanisms (e.g., an LCD
panel-fabricated sensor 20 may include a liquid that may be
visible within a certain area of the indicator 10 upon
actuation). Further, a variety of fabrication processes may be
used for indicator 10 (e.g., any Ifabrication process that
realizes one or more micromechanical structural layers with
1) conducting elements that can make electrical contact, and
2) a movable sensing element responsive to temperature
variations). Examples include bulk micromachiming and
waler-bonding fabrication approaches in silicon, silicon
dioxide, ceramic, nickel, titanium and other conductors, as
well as LIGA-type fabrication processes (1.e., lithography,
clectroplating and moulding) using electroplated metals, and
additive fabrication methods such as ik-jet dispense, paste
screening, and other deposition methods using liquids which
then become solidified.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the disclosure. As used herein, the singular forms
“a”, “an” and “the” are mtended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises” and/or
“comprising,” when used 1n this specification, specily the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
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or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements i1n the
claims below are intended to include any structure, material,
or act for performing the function 1n combination with other
claimed elements as specifically claimed. The description of
the present disclosure has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to the disclosure 1n the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the disclosure. The embodiment was chosen and
described 1n order to best explain the principles of the
disclosure and the practical application, and to enable others
ol ordinary skill 1n the art to understand the disclosure for
various embodiments with various modifications as are
suited to the particular use contemplated.

What 1s claimed 1s:

1. A temperature indicator, comprising;

a micro-sensor having:

a cantilevered sensing element coupled to a support

member, the sensing element having a first layer and
a second layer, the first and second layers defining a
gap therebetween along at least a portion of their
respective lengths, and wherein a first distal end of
the first layer with respect to the support member 1s
coupled to a second distal end of the second layer
with respect to the support member, the first and
second layers having different coeflicients of expan-
sion, the first and second distal ends of the sensing
clement configured to move from a first position to
a second position 1n response to exposure to a
temperature event;
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detection circuitry configured to change from a first
state to a second state in response to movement of the
sensing element from the first position to the second
position, the detection circuitry prevented from
returning to the first state 1n response to changing to

the second state; and

a latching element movable in a first direction 1n
response to contact by the sensing element moving
from the first position to the second position;

a radio-frequency identification (RFID) module coupled
to the detection circuitry, wherein the RFID module 1s
configured to output a value indicating that the sensing
clement 1s 1n the second position; and

an activator element configured to maintain the sensing
clement 1n the first position until removal of the acti-
vator element from the micro-sensor.

2. The temperature indicator of claam 1, wherein the
latching element 1s configured to prevent the sensing ele-
ment from returning to the first position after moving to the
second position.

3. The temperature indicator of claim 1, wherein the
micro-sensor 1s formed on a water substrate.

4. The temperature indicator of claim 1, wherein the
micro-sensor 1s formed on a liquid crystal display (LCD)
panel substrate.

5. The temperature indicator of claam 1, wherein the
micro-sensor 1s formed on a roll-to-roll (R2R) substrate.

6. The temperature indicator of claim 1, wheremn the
activator element 1ncludes:

a portion disposed proximate the sensing element; and

an end configured to receive a force applied thereto to
displace the portion from being located proximate the
sensing element.
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